Water dynamics in concentrated ionic solutions plays an important role in a number of material and energy conversion processes such as the charge transfer at the electrolyte-electrode interface in aqueous rechargeable ion batteries. One long-standing puzzle is that all electrolytes, regardless of their "structure-making/breaking" nature, make water rotate slower at high concentrations. To understand this effect, we present a theoretical simulation study of the reorientational motion of water molecules in different ionic solutions. Using an extended Ivanov model, water rotation is decomposed into contributions from large-amplitude angular jumps and a slower frame motion which was studied in a coarse-grained manner. Bearing a certain resemblance to water rotation near large biological molecules, the general deceleration is found to be largely due to the coupling of the slow, collective component of water rotation with the motion of large hydrated ion clusters ubiquitously existing in the concentrated ionic solutions. This finding is at variance with the intuitive expectation that the slowing down is caused by the change in fast, singlemolecular water hydrogen bond switching adjacent to the ions.
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ion specificity | water rotation | ionic solution | femtosecond infrared | structure dynamics T he dynamics of water molecules surrounding hydrated ions and ionic moieties plays an important role in a broad range of chemical and biological phenomena (1) (2) (3) (4) (5) (6) . In protein solutions, for example, amino acids with charged side chains strongly affect the water motion in their vicinity, which consequently impacts various protein biological processes such as enzyme catalysis and folding (3) (4) (5) . As another example, chemical reactions with ionic reactants can be driven by the kinetic energy transferred from the surrounding water molecules (7) . Many material design and energy conversion processes are related to the ion effect in the concentrated aqueous solutions (8) . High concentration (>1 M) solutions with the cations such as Li + , Na + , Mg 2+ , Ca 2+ , Zn 2+ , and Al 3+ are used as electrolytes in aqueous rechargeable ion batteries, a promising green alternative of the conventional organic electrolyte-based batteries (9, 10) . Important questions such as how the charge transfer at the electrolyteelectrode interface correlates with the nearby solvent dynamics and how this correlation is impacted by the hydrated ions are yet to be quantitatively understood (9, 10) .
Ion effects in concentrated solutions are much less understood (1, (11) (12) (13) (14) than ideal dilute solutions. The concept of structure makers (ions that enhance the water hydrogen-bonding structure) and breakers (ions that weaken the water hydrogen-bonding structure) has been generally applied to rationalize the ionspecific impacts on water dynamics in dilute ionic solutions (15) . In concentrated solutions, in contrast, all electrolytes slow down the water rotation regardless of their structure-making/ breaking natures (11) (12) (13) (14) . Resolving this intriguing issue is crucial for developing a consistent molecular picture of the ion impact on water dynamics.
One could reason that it is the altered water hydrogen-bondswitching behavior around the ions that leads to this general retardation (11) (Fig. 1B) : Water rotation has contributions from large-amplitude angular jumps during the exchange of hydrogen bond acceptors as well as slower frame reorientations of the intact hydrogen bond axis (15) . The latter is dominant in concentrated solutions. Neutron scattering measurements reveal that the ions enhance the probability to find water molecules which act as the hydrogen bond acceptors in an interstitial position between the first and second hydration shells in pure water (16) . Some water molecules adjacent to the ions therefore stride over a markedly shorter distance during the hydrogen bond switching, which decelerates the water diffusion and consequently the overall water rotation. This intuitive picture implies a local involvement of ion effects on the water molecules only in its immediate vicinity.
We report a theoretical study of the molecular mechanism of this retardation, which employs a continuous-time random-walk (CTRW) coarse-graining method (17) and combines numerical simulations with the extended Ivanov jump model (11, 15) . The rotational time of water is obtained by fitting the second-order reorientation correlation function (Eq. S1 in Supporting Information) with single-exponential function (11, 15, 18) . We find that, surprisingly, the general deceleration is significantly impacted by the influence of the ions on the nonlocal water structure dynamics, which is the rearrangement dynamics of water hydrogen bond networks involving the slow collective motions of many water molecules, accompanied by large energy fluctuations (19) . Further analysis indicates that, at higher concentrations, all ions, regardless of their structure-making/breaking propensity, deviate from the ideal solution picture by associating into clusters. Collective water rotation is then retarded due to its coupling with the slow dynamics of ion clusters (Fig. 1C) .
Significance
The dynamics of water molecules surrounding the hydrated ions affects many natural phenomena including protein processes and charge transfer in the aqueous rechargeable ion batteries. In the concentrated solutions, a long-standing puzzle is that all electrolytes retard water rotation regardless of whether they weaken or strengthen the water hydrogenbonding network. We investigate this issue theoretically and find the deceleration to be largely due to the coupling of the slow, collective component of water rotation with the motion of sizable ion clusters in the concentrated solutions. This finding is at variance with the intuitive expectation that the deceleration is caused by the change in fast, single-molecular water hydrogen bond switching adjacent to the ions.
Ion clustering in solutions at finite concentrations has been a topic under debate due to the diverse time and spatial resolutions of detecting techniques as well as computer simulations (1, 12, 14, 20, 21) . Recently, femtosecond infrared vibrational energy exchange and anisotropy measurements (12) have emerged as a powerful tool for probing the ion association and clustering at the timescale directly comparable with the computer simulation (18, 22, 23) . Our simulations on KSCN and GdmSCN, using the same theoretical setup as in the current work, produced solution structure features qualitatively consistent with the experiments, which includes the clustering percentage of KSCN at different concentrations (table 1 in ref. 12 ) and the radial distribution functions in GdmSCN solutions (22) .
Results and Discussion
General Concentration-Dependent Slowing Down. The cations/anions of the electrolytes NaCl, GdmSCN, NaSCN, KSCN, and MgSCN have different structure-making/breaking natures (24) . Our simulations (details are given in section 1 of Supporting Information and Table  S1 ; the rotational times of water are calculated as in section 2 of Supporting Information) show that water rotation in all these systems slows down in concentrated solutions (Fig. 1A) . This is consistent with many other reports (11, 21, 23, 24) . In the following, we explore the underlying mechanism of this retardation.
We focus on NaSCN and KSCN. The simulated second-order rotational correlation functions of water in KSCN and NaSCN solutions from 2.5 to 15 M are shown in Fig. 2 . The simulation results, consistent with the previous experiments, deviates from single-exponential behavior (23) . To evaluate the ion effects, a procedure based on the extended Ivanov jump model (11, 15) (details in section 3 of Supporting Information) was used. The trajectory of each water molecule is dissected into a series of hydrogen-bond-switching steps. These events are then regrouped into four categories according to the initial and final hydrogen bond acceptors: (i) water to water (W:W); (ii) water to SCN (W:SCN); (iii) SCN to water (SCN:W); and (iv) SCN to SCN (SCN:SCN). The overall difference between the rotation time constant of water in solution with a finite concentration and that in very dilute solution (0.1 M) is decomposed into the jump and frame contributions of all four switching types according to Eq. 1:
The first term δτ p represents the contribution from replacing the W:W type of hydrogen bond switching in pure water with the anion-related types (SCN:W, W:SCN, and SCN:SCN) in solution, assuming that each type makes a concentration-independent contribution to the overall rotation. Each of the remaining eight terms in Eq. 1 describes how the jump or frame rotation of the water molecule, during a hydrogen bond switching, is affected by ions (section 4 of Supporting Information). All of the nine contributions are given in . This is consistent with previous observations on other electrolytes (11) . We next examine why the frame component significantly slows down in concentrated solutions. (B and C) Schematic representations of two possible molecular mechanisms leading to the deceleration of water rotation in the concentrated ionic solutions: in B, an ion (gold) enhances the probability for a target water molecule (purple) to find the next hydrogen bond acceptor water molecule, which decelerates the water diffusion and consequently the overall water rotation. In C, ions associate into the cluster. Water frame rotation is retarded due to its coupling with the slow dynamics of the ion clusters. The Influence of Altered Hydrogen-Bond-Switching Behavior. Consistent with Stokes-Einstein relation (25) , a correlation is observed between the calculated frame rotation time τ f W −W and viscosity ( Fig. 3 A and B) . According to the Eyring model (25) ,
HOP , where τ HOP and L HOP are the time and length scales of the "excited hoppings" of molecules or collections of molecules from one "local basin" to another (17) . As the solution becomes more concentrated, these time and length scales change, which lead to slower water rotational diffusion (e.g., higher τ f W −W ). Clarifying the nature of these hoppings should help unravel the molecular mechanism of the frame retardation.
We first assume that τ HOP represents the water hydrogenbond-switching time τ HB (Fig. 4A ) and L HOP is the switching length L HB during τ HB . The distributions of L HB and τ HB in pure water and in 5 M solutions are shown in Fig. 4 C and E. The values of τ HB =L 2 HB only correlate with τ f W −W up to a fairly low concentration ( Fig. 3 C and D) . At higher concentrations, this picture seriously underestimates the retardation of the frame rotation.
Neutron-scattering and computer simulation studies have suggested that water "structural dynamics," the collective rearrangements of the H-bond network, has two motional components: picosecond local structural fluctuations within dynamical basins and slower interbasin hoppings (11, 17, 25) . To examine the correlation of these hoppings with the frame deceleration, we used a CTRW model (17) to qualitatively evaluate their spatial and temporal characteristics (section 1 of Methods section and section 5 of Supporting Information). A schematic representation is presented in Fig. 4B . Briefly, for a single water molecule, its running average position R(n) of n consecutive frames along the molecular dynamics (MD) trajectory is computed by averaging its center of mass. If the separation between R(n) and R(n + 1) is beyond the prescribed distance D max , it is assumed that a jump translation has occurred between frame n to n + 1. The water molecule had jumped into another dynamic basin at the n + 1 frame. The n consecutive frames are identified as a "dynamical basin" centered at R(n). The counter n + 1 is reset to 1 for the next dynamic basin. Fig. 4B shows the position of the molecular center of mass of a chosen water molecule during 100 ps in a 5 M solution. The trajectory exhibits a pronounced clustering with well-defined dynamical basins (represented schematically in different colors).
We can define τ HOP as the average waiting time τ RW of water within the dynamic basins, while L HOP is the distance L RW between any two consecutive basin center, and D max = 1.5 Å was used in previous work for water (25) . A strong correlation between τ RW =L 2 RW and τ f W −W is observed (Fig. 3 E and F) . It is therefore the ion effect on the collective water motion that drives the general slowdown observed. The distributions of L RW and τ RW for the pure water and NaSCN solutions at 5 M are shown in Fig. 4 D and F , which are much larger than τ HB and L HB . Distribution of τ HB is much more inhomogeneous. Maximum of τ HB distribution appears around 0.5 ps. The average value reaches 2.271 because of the very long tail. On the other hand, τ RW has a much broader but more homogeneous distribution which centers around τ RW = 2.0 ps.
Van Hove Distribution of Water Rotational Dynamics. To demonstrate more directly the deceleration mechanism, we have further calculated the rotational van Hove distribution function (26) :
Here, h⋯i represents the average over configurations. This function gives the average probability to find a particle rotate over an angle ofφ i within the time interval t. For a homogeneous rotational dynamics, G R ðϕ, tÞ converges to a Gaussian form:
The deviation of G R ðϕ, tÞ from the Gaussian form G 0 ðϕ, tÞ can be quantified by the parameter:
which represents the dynamic heterogeneity at a certain moment t (Fig. S2) . The rotational van Hove distribution functions at t = 1, 10, and 50 ps are presented in Fig. 5 for pure water and 0.5 and 5 M solutions. Fig. 5 gives the time dependence of α 2 ðtÞ within 100 ps. The method is explained in detail in section 2 of Methods and section 6 of Supporting Information. At t = 1 ps, the presence of the ions does not lead to significant differences in the rotational distributions. Ion effects on fast processes such as water libration, jump rotation, and subpicosecond diffusion, therefore, do not contribute significantly to the retardation in concentrated solutions. Large heterogeneity appears within 1 ps, which is consistent with previous observations that the fast dynamics of water in different local hydrogenbonding environments is fairly inhomogeneous (13, 18, 19, 27) .
At t = 10 ps, the distribution functions of NaSCN show a clear concentration dependence, water rotation in the 5 M solution is much slower than that in pure water and the 0.5 M solution. This timescale indicates that the deceleration of water rotation in the concentrated ionic solution is due to the change of its collective diffusion components which is at the picosecond timescale (11, 15, 19) . Fig. 4 suggests a typical residence time t res of ∼3 ps for water in the dynamical basins during the diffusion. At 10 ps, the collective motion of water molecules has enough time to hop out of a certain basin but not to cover a large number of basins to average out the influence of the initial condition. Van Hove distribution functions therefore have a significantly non-Gaussian shape, which suggests heterogeneity.
At t = 50 ps or longer, water rotation becomes even slower in 5 M solution compared with pure water. Furthermore, since t t res , most of the water molecules sample a series of different local environments. The average rotating speeds becomes similar and the van Hove distribution becomes homogeneous with a Gaussian shape.
Water Frame Rotation Is Coupled to the Slow Ion Cluster Dynamics. It is difficult to understand the aforementioned retardation in the ideal solution picture. In fact, in less concentrated (i.e., closer to ideal) solutions, water frame rotation can become faster for some electrolytes and slows down for others (6) . On the other hand, collective water motion around the large biomolecules is always retarded comparing to that in pure water (3, 4) . These observations imply a correlation between the solute size and the observed retardation.
A number of previous studies had revealed that, at concentrated solutions, the attractive forces between cations and anions overcome the thermal agitation and the ion pairs or clusters start to form (12, 14, 20, 21) . We calculated the distribution of the ion cluster sizes for NaSCN and KSCN at 5 M and GdmSCN, Mg(SCN) 2 , and NaCl at 2 M (saturated) in Table 1 (definition of ion cluster in the section 3 of Methods and in the section 7 of Supporting Information). Significant clustering is observed in all cases.
Even though polarizable force fields as well as ab initio models might generate results agreeing more quantitatively with experiment (28, 29) , they become computationally too expensive for the large systems and long time simulations herein. Additionally, advanced polarizable force field models are often unavailable for many commonly studied ions. Since the ion-water interaction models used herein nicely reproduce the clustering characters measured by the coherent 2D infrared techniques for various electrolytes at a series of concentrations (6, 18, 22, 23) , it provides a cost-effective means to describe the clustering phenomenon to the extent needed for our discussion.
Hydration of biomolecules are found to participate in and sometimes directly control their motions (3, 4) . On the other hand, biomolecules also influence the collective motions of surrounding water molecules (30) . To examine whether a similar coupling happens in the solutions of sizable ion clusters (with 30∼50 ions or even larger), we plot in Fig. 6A the average rotational time constants for water molecules adjacent to the clusters with different sizes in both KSCN and NaSCN solutions at 5 M. Water molecules indeed rotate more slowly around larger clusters.
We further estimate the rotation of the ion clusters with different sizes by calculating the populations of their rotation angles using a superposing method (31) (Fig. 6 B and C) . Details are given in section 4 of Methods and in section 8 of Supporting Information. The average rotational angles of small clusters (with size 2 < N < 10) and larger clusters (with N ≥ 10) are calculated separately and compared. Rotations of the larger ion clusters are clearly slower than those of the smaller ones. Collective rotation Table 1 . The populations of ion cluster with the different size in NaCl, GdmSCN, KSCN, NaSCN, and Mg(SCN) 2 
aqueous solutions
Population of ion cluster with size N (%) of water molecules adjacent to larger ion clusters is therefore slower due to the coupling with a more retarded cluster rotation.
To reaffirm that this retardation of overall water rotation around the clusters is mostly attributed to the frame motion, we monitor the motions of the rotationally fastest and slowest 10% of water molecules in the rotational van Hove distribution G R ðϕ, tÞ in 5 M solutions and in pure water (Fig. 7) . Comparing to that in pure water, jump components of the fastest and slowest water in the 5 M solutions are only slightly sped up. Frame components in the solutions, on the other hand, are significantly slower than that in pure water. Furthermore, within the 5 M solutions, the difference between the jump components of fastest and slowest water is minor, while that between the frame components is much more significant. Ion clusters retard water rotation, therefore, mainly by affecting the frame component.
Although larger ion clusters are found in the KSCN solution than in the NaSCN solution at same concentration (Table 1) , collective water frame rotation is retarded more significantly in the latter (Fig. 7) . This is due to the stronger water affinity of the sodium cations (the average residence time of a water molecule in the cation first solvation shell of is 21.61 ps for sodium, while 65.91 ps for potassium). Since the dependence of the retarding effect on the cluster size becomes less significant for the large clusters (Fig. 6A) , longer residence time becomes the more important factor of retardation because water couples with the motion of the cluster for longer time.
Conclusions
We had demonstrated that the general retardation of water rotation in concentrated ionic solutions may be largely attributed to ions effect on water structure dynamics. Further analysis reveals that cations and anions in the concentrated solutions start to form clusters. Slow cluster motions couple with water frame rotations nearby and retard the water dynamics. This observation is similar to the retardation of water rotation near large biological molecules measured by fluorescence and terahertz experiments.
Ion-pairing and clustering tendency in the solution correlates with the relative ion-ion, ion-water affinities. Cations which are structure makers tend to pair with maker anions, and so do the breakers. However, at higher concentrations, due to the higher ion/water ratio, clusters exist even when the water affinities of cation and anion are rather mismatched. For instance, a significant portion of the ions form clusters in the aqueous LiSCN solutions (12, 23) with medium to high concentrations. Here, lithium cation is a strong maker while thiocyanate anion is a strong breaker. As another example, ion clusters are found to exist in aqueous Gdm 2 SO4 solutions (22) . Here, Gdm + is a strong breaker while SO 4 2− is a strong maker. Big ion aggregates are also found in concentrated NaCl (21) and CaCO 3 solutions (32). We therefore believe that our finding is general for other salt solutions.
There have been spectroscopic reports suggesting that ions can affect the collective water rotational dynamics (1, 13, 19, 33) . For instance, long time decay in the time domain optical Kerr effect signal of liquid water and aqueous solutions has been assigned to the slow collective water structure dynamics (α relaxation) (33) and is composed of the contributions from both the rotational and translational motions. Through a projection scheme, the rotational component can be separated out and studied in detail. The characteristic relaxation time of the rotational component has been found to be significantly altered with more ions added. The result of study herein is consistent with these spectroscopy measurements. More importantly, it reveals the molecular mechanism underlying, and therefore provides valuable insights into the general hydration dynamics and solvation effect in the concentrated ionic solutions as well as the confined environment with explicit charges presented.
Methods
1. The CTRW Coarse-Graining Method. We apply a coarse-graining time algorithm (17) to the single-molecule water trajectories to quantitatively rationalize the magnitude and concentration dependences of the hopping time τ RW and jump length, L RW . In this algorithm, the center of the kth dynamic basin of the tagged water molecule, RðnÞ k , is the running average of the molecular center-of-mass RðnÞ:
The average is updated until Rðn + 1Þ walks out of a certain range: Rðn + 1Þ − RðnÞ k & ≤D max update the basin center position >D max start the new basin .
We set D max = 1.5 Å (17), which was found to be a reasonable value for the pure water, as a threshold of the basin crossing. The past n snapshots are defined as a dynamical basin centered at RðnÞ k . If the labeled molecule hops into a new basin according to Eq. 6, the running index n is updated to 1. The hopping time τ RW is defined as the average waiting time of water within 
dynamic basin
RðnÞ k , while the jump length L RW is the average distance between two consecutive basin centers, AE R k+1 − R K ae.
Van Hove Distribution Function.
We introduce the self-part rotational van Hove distribution function (24) ,
where AE⋯ae represents average over configurations. With this formalism, we recover the usual interpretation for 4πϕ 2 G R ðϕ, tÞ as the probability of having a molecule at time t with angular displacement. For long times, the diffusion equation for ϕ * ðtÞ holds, and G R ðϕ, tÞ are Gaussian distribution G 0 ðϕ, tÞ:
G 0 ðϕ, tÞ = 3 2πAEϕ 2 ðtÞae
The deviation of G R ðϕ, tÞ from G 0 ðϕ, tÞ can be quantified by the non-Gaussian parameter. The α 2 ðtÞ in pure water, KSCN solution, and NaSCN solution at 5 M are presented in Fig. 5 : α 2 ðtÞ = 3AEϕ 4 ðtÞae 5AEϕ 2 ðtÞae 2 − 1.
3. Ion Cluster and Hydrogen Bond Definitions. We define the ion cluster as follows (18): (i) every ion X is connected to at least one counterion Y of the opposite charge; two ions are said to be connected if they are separated by a distance R X-Y smaller than the separation d corresponding to the first minimum of the pair radial distribution function; (ii) every ion can be reached from any other ion within the cluster through a path of consecutive connections. The total number of all of the ions in each ion cluster is defined as the size of ion cluster. Two water molecules are considered to be hydrogen bonded if the distance between their oxygens R OwOw < 3.5 Å, and the angle θ HOwOw < 30°( O w : water oxygen atom; H w : water hydrogen atom).
4. The Populations of the Rotational Angle of Ion Cluster. The rotational angle of ion cluster is calculated by the superposition method (31) . We take two structures of ion cluster at time t = t 0 and t = t 1 along a continuous MD trajectory. The mass centers of ion clusters at two times are overlapped by a translational transformation, and then superimpose them by a rotation operation with a rotational angle in the optimal least-squares sense, if the ion cluster is intact during the interval Δt = t 1 -t 0 . Due to the dissociation and association during the interval, if the 80% of ion in the ion cluster at t = t 0 is remained continuously at t = t 1 , the ion cluster is thought as an intact ion cluster. The ion cluster is classified into two classes. One is small ion cluster with the size 2 < N < 10. The other is the big ion cluster with the size not less than 10.
Supporting Information. Supporting Information includes details of the experiments and simulation, the rotational correlation functions, the extended Ivanov jump model, the CTRW coarse-graining method, van Hove distribution function, the rotation of ion cluster, table, and figures.
